Transitional cell carcinoma of the bladder is a common malignancy worldwide that is associated with significant morbidity and mortality. Although superficial tumors can often be treated effectively, invasive cancers not only require invasive surgery, but are also refractory to aggressive chemotherapy and radiotherapy. In this issue of Genes & Development, Puzio-Kuter and colleagues (pp. 675-680) describe an elegant genetically engineered murine model of bladder cancer that recapitulates many of the cardinal features of the human disease. The development of such models together with the application of new approaches to enumerate the complement of genetic alterations in bladder will provide new insights into the molecular nature of this disease. Moreover, the anatomy of this urinary malignancy provides a unique opportunity for innovative translational studies.
Clinical features
The incidence of bladder cancer continues to increase; in 2008, bladder cancer was diagnosed in 68,000 patients and was the proximal cause of 14,000 deaths in the U.S. (Jemal et al. 2008) . Overall, bladder cancer is the fourth most common cancer in men and the ninth most common cancer in women. The majority of bladder cancers diagnosed in highly developed countries is of transitional cell (urothelial) histology. Although the majority of patients with bladder cancer are diagnosed with a superficial, low-grade, and noninvasive disease, ;30% of patients present with high-grade or invasive or metastatic disease. The risk of distant metastasis, the lethal phenotype of bladder cancer, increases dramatically with invasion of the deep muscle layer of the bladder wall.
Superficial bladder cancers are treated by local excision. Although this approach is highly effective in eradicating an existing tumor, tumor recurrence occurs in more than 30% of cases. For this reason, surgery for superficial lesions is often followed by intravesicular infusion of adjuvant therapy. The most commonly used agents include Bacillus Calmette-Guerin (BCG), mitomycin C, thiotepa, and doxorubicin. Although derived empricially, the rationale of these therapies are to provide direct exposure of the urothelium to these agents and decrease local recurrence. Unfortunately despite these treatments, a significant number of patients experience recurrent and progressive disease.
Radical cystectomy is the standard therapy in the United States for patients with muscle-invasive urothelial carcinoma of the bladder. This surgery consists of the removal of the bladder, prostate, seminal vesicles, and perivesical tissues in men, and removal of the bladder, uterus, fallopian tubes, and anterior vaginal wall in women. Lymphadenectomy, as part of definitive surgery, has become the standard of care and plays a prognostic and possibly therapeutic role in this disease (Stein et al. 2003; Herr et al. 2004; Sanderson et al. 2004) . Despite advances in imaging technology, 21% and 15% of lymph node metastases cannot be detected by CT or MRI, respectively (Persad et al. 1993; Paik et al. 2000) . FDG-PET imaging has not yet proven its value in accurate staging for muscle-invasive disease, in part due to the excretion of tracer in the urine making evaluation of pelvic lymph nodes difficult.
Even with optimal surgical management including lymph node dissection, approximately fifty percent of patients with muscle-invasive disease will relapse and die of their disease. Most patients who recur after cystectomy relapse with distant metastases, although local recurrences occur in about 30% of relapsed patients (Frank et al. 2003; Madersbacher et al. 2003) .
Survival in muscle-invasive bladder cancer is highly dependent on pathologic stage. For patients with disease confined to the bladder (pathologic T2 disease), 5-yr survival is ;60%-70%. This number declines in patients with extravesical extension. Patients with pathologic T3 disease (through the detrusor muscle, and/or extension outside the bladder) have a 5-yr survival of ;36%-58%, while patients with adjacent organ invasion (pathologic T4) or nodal involvement experience relapse at a very high frequency. This stage-dependent survival reduction is due to the presence of micrometastases at the time of cystectomy.
Treatment of metastatic bladder cancer with combination cisplatin-based chemotherapy yields improved median overall survival, and occasional cures in patients with lymph-node only metastatic disease. This chemosensitivity provides the rationale for employing perioperative (neoadjuvant and/or adjuvant) chemotherapy to reduce the incidence of distant metastases and to improve cure rates. Two well-conducted randomized phase III studies have demonstrated a modest improvement (5%-6% increase in overall survival at 5 yr) in median survival with preoperative combination cisplatin-based chemotherapy followed by radical cystectomy compared with cystectomy alone (International Collaboration of Trialists 1999; Grossman et al. 2003; Vale 2005) . Randomized studies of adjuvant chemotherapy have not confirmed a survival benefit for post-operative chemotherapy, although many of these studies were statistically flawed and closed prematurely (Vale 2006) .
Median survival in patients with locally advanced unresectable or metastatic bladder cancer remains 9-20 mo, and the addition of other cytotoxic agents to current multiagent chemotherapy regimens are unlikely to improve outcomes substantially. Thus, the most significant breakthroughs are likely to be derived from understanding the biology of these aggressive tumors.
Bladder cancer genetics
Superficial, low-grade bladder cancer appears to arise via different molecular pathways than high-grade and muscleinvasive bladder cancer. Low-grade papillary tumors frequently demonstrate activation of the FGFR3 and HRAS proto-oncogenes (Czerniak et al. 1992; Knowles 2007) . Many muscle-invasive tumors arise from preexisting urothelial carcinoma in situ, a high-grade intraepithelial neoplasm and often exhibit alterations in the TP53, RB, and PTEN tumor suppressor genes (Table 1) . However, since such tumors exhibit many karyotypic alterations, it is likely that additional mutations in oncogenes and tumor suppressor genes are involved in the transition from in situ tumors to invasive tumors.
Deletion or mutations of the TP53 locus on chromosome 17p13 occurs frequently in urothelial carcinoma in situ. Mutation in TP53 not only disrupts its function, but also prevents normal ubiquitination, leading to nuclear accumulation of p53 protein that can be detected immunhistochemically (Esrig et al. 1993; Cordon-Cardo et al. 1994 ). This nuclear p53 staining is predictive of poor outcome in patients with invasive disease (Esrig et al. 1994; Schmitz-Drä ger et al. 2000) . For patients with invasive bladder cancer, recurrence rates for pathologic T1 (pT1) (lamina propria-invasive), pT2 (muscle-invasive), and pT3 (microscopic extension outside the bladder) tumors without detectable nuclear p53 reactivity were 7%, 12%, and 11%, compared with 62%, 56%, and 80% for tumors that showed p53 immunoreactivity. Although there is significant concordance between p53 mutation and nuclear accumulation, several studies have suggested that nuclear accumulation can occur in the absence of mutation. The exact details of the relationship between nuclear accumulation and point mutation have yet to be fully elucidated.
Other p53 target proteins appear to play a role in the prognosis and progression of bladder cancer. Loss of p21, a downstream effector of p53 (el-Deiry et al. 1993 ), leads to increased cyclin levels and cell cycle progression. Furthermore, similar to p53 mutations, loss of p21 expression is a marker for increased risk of bladder cancer progression to invasive or advanced disease. Conversely, p21 expression appears to reduce the effect of p53 loss (Stein et al. 1998 ). In addition, MDM2, which regulates p53 protein levels, is frequently overexpressed in bladder cancer, particularly low-and intermediate-grade tumors (Lianes et al. 1994) .
Deletions and rearrangements of chromosome 13q also occur at high frequency in bladder cancer and are associated with disruption of the RB gene. RB is inactivated by mutation, hyperphosphorylation, as well as deletion in urothelial carcinoma (Chatterjee et al. 2004b) . Disruption of RB is associated with a poor prognosis and more aggressive disease (Cordon-Cardo et al. 1992 ).
Accumulation of alterations in TP53, RB, p21, MDM2, and p16 has been demonstrated to be predictive of outcomes in several retrospective studies. In one study, tumor specimens were characterized on the basis of the presence of altered p53, RB, or p21. The presence of one or more alterations resulted in stepwise reduction in 5-yr recurrence rates and survival, which was independent of tumor stage (Chatterjee et al. 2004a ). Other studies have (Lu et al. 2002; Shariat et al. 2004 ). Taken together, these studies provide strong evidence that disruption of TP53 and RB play important roles in invasive bladder cancers through their roles in regulating cell cycle progression and cell survival. The PTEN/AKT pathway has also been implicated in muscle-invasive bladder cancer. Preclinical evidence suggests that restoration of PTEN function induces growth arrest in bladder cancer cell lines deficient in PTEN, and inhibition of phosphatidylinositol 39 kinase (PI3K) may decrease the invasive potential of bladder tumors (Tanaka et al. 2000; Wu et al. 2004) . In this issue of Genes & Development, Puzio-Kuter et al. (2009) demonstrate that decreased PTEN staining is frequent in advanced bladder tumors, and this loss was associated with increased levels of phospho-AKT. Both phosphorylated AKT and PTEN loss were found to be significant independent predictors of overall survival in this patient population. Furthermore, in this study, the presence of PTEN loss and TP53 mutation identified a subgroup with particularly poor outcomes.
Although HRAS was first identified as an oncogene in bladder cancer cell lines, the precise relationship between HRAS mutation and bladder cancer remains unclear. The frequency of HRAS mutations ranges from 0% to 84% (Knowles and Williamson 1993; Cerutti et al. 1994; Saito et al. 1997 ). While HRAS mutation may not be critical for tumorigenesis, the RAS pathway clearly plays a role, particularly due to upstream activation of receptor tyrosine kinases such as FGFR3 (Ye et al. 1993; Vageli et al. 1996) . Activating mutations in FGFR3 are frequently found in a high proportion of superficial bladder cancers, and a smaller proportion of invasive bladder cancers (van Rhijn et al. 2004) . Whether these mutations drive progression in invasive tumors is unclear.
Experimental models
Several established cancer cell lines derived from human bladder tumors have been used as experimental models for bladder cancer. Indeed, one of the first human oncogenes, HRAS, was identified as a transforming gene from the T24 bladder carcinoma cell line (Shih and Weinberg 1982; Taparowsky et al. 1982) . Orthotopic implantation of human bladder cancer cell lines recapitulates some of the features of the cancers from which such cells were derived and has been used as an experimental model to test drug combinations preclinically (Theodorescu et al. 1990; Watanabe et al. 2000) . However, such methods are relatively inefficient and require the use of immunodeficient animals.
In this issue of Genes & Development, Puzio-Kuter et al. (2009) exploit the known genetics of invasive bladder cancer together with intravesicular injection of a recombinant adenovirus encoding Cre recombinase to create an experimental model of human bladder cancer in the mouse. Specifically, they tested the consequences of deleting pairwise combinations of the RB, TP53, and PTEN tumor suppressor genes in the urothelium and only found tumors in animals where both TP53 and PTEN were deleted. The highly penetrant tumors found in these animals resembled highly invasive bladder carcinomas and were both locally invasive and metastatic. In consonance with these observations, they found that human bladder carcinomas that exhibited evidence of inactivation of both PTEN and TP53 pathways were associated with a significantly worse prognosis, recapitulating findings in human patients.
Prior work has shown that inactivation of PTEN leads to activation of the PI3K signaling pathway including the TOR kinase (Carracedo and Pandolfi 2008) . Using transplanted tissue recombinants derived from bladder tumors in which TP53 and PTEN were deleted, Puzio-Kuter et al. (2009) showed that treatment with the TOR inhibitor rapamycin slowed cell proliferation and tumor growth. These studies not only provide preclinical evidence that TOR inhibitors may show beneficial effects in bladder tumors that lack expression of PTEN, but also demonstrate how this model may be useful for the study of other potential therapeutic regimens.
Translational opportunities
The experimental model described in this issue provides an important new tool in studying the biology of transitional cell cancers. Indeed, one question raised by these studies is the role of RB loss in bladder cancer development. Does RB loss cooperate with PTEN and TP53 loss or are RB-deficient tumors a different subclass of bladder cancers? Although further studies using models such as the ones described by Puzio-Kuter et al. (2009) will be required to answer these questions, the relative ease in which tumors with the desired genotypes can be created in situ will undoubtedly accelerate such studies.
In addition, the rapid implementation of technologies to interrogate cancer genomes should permit a more complete understanding of the genetic alterations that occur in both superficial and invasive bladder cancers. As has been found already in glioblastomas (The Cancer Genome Atlas Research Network 2008) and lung cancers (Weir et al. 2007; Ding et al. 2008) , analysis of copy number alterations and mutations in large numbers of tumors provides invaluable insights into the pathways altered in particular tumor types. Since cystoscopy is performed in nearly all patients with bladder tumors (both superficial and invasive), there is an unmatched opportunity to obtain high quality tumor material in a manner suitable for such studies.
Such studies will provide a framework for the development and refinement of the genetically engineered bladder model described here. The rapidly increasing repertoire of genetically engineered mice harboring alleles that can be conditionally activated or deleted will permit the rapid development of genetically engineered models of bladder cancer. Moreover, when combined with clinicopathological studies as in this study, such studies will not only identify mutations critical bladder cancer phenotypes, but will also identify patient populations for targeted clinical studies.
Moreover, since neoadjuvant trials have long been used as a method to try to preserve bladder function, there is the opportunity to perform preclinical studies in either xenograft or genetically engineered experimental models in a manner analogous to human clinical studies. Such studies promise not only to accelerate the identification of better treatment regimens for invasive bladder cancers, but will also serve as a model for translational studies in other epithelial cancers.
